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TITLE OF THE INVENTION 

AMPfflPATHIC GLYCOPEPTIDES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims priority to U.S. application serial Nos. 60/557,740, filed on 
March 29, 2004, 60/583,257, filed on June 25, 2004, and 60/641,4^2 filed on January 5, 
2005, each of which is incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

The invention described herein was supported by ONR - NO 00 14-02- 1-0471 and 
NSF - CHE9526909. Therefore, the Government may have certain, rights to this invention. 

BACKGROUND OF THE INVENTION" 
FIELD OF THE INVENTION 

The present invention relates to glycopeptides which are anxphipathic. The 
glycopeptides of the present invention are capable of crossing the blood-brain-barrier (BBB). 
As a result, the glycopeptides for treating a variety of neurological and behavioral disorders. 

DESCRIPTION OF THE BACKGROUND 

Endogenous opioid peptides, limiped together under the geixeric term endorphins, 
have been the subject of intense study since their discovery in the vcxid 1970's.* 
Neuropeptides have the potential for extremely selective pharmacological intervention with 
fewer side effects. If these natiirally occurring opioid peptides and iiieir derivatives could be 
rendered permeable to the blood-brain barrier (BBB), then a new vi sta of 
psychopharmacology woidd be opened to exploration. After three decades of research, many 
potent and selective opioid agonists have been developed, and stability problems have been 
largely overcome. The principal remaining problem that prevents ttie use of opioid peptides 
as drugs is poor bioavailability, which is due to poor penetration of the BBB.^ The BBB is 
composed of endothelial cells in the cerebrovascular capillary beds. The BBB acts as a 
barrier to undesired chemical substances, and admits vital nutrients for proper function of the 



wo 2005/097158 PCT/US2005/0 10233 

CNS."* The flow is bi-directional, allowing for export of materials from the CNS (efflux 
transport) and the import of materials from the blood (inflxox transport). The BBB represents 
not only a physical obstacle, but a metabolic one as well, possessing both oxidative enzymes 
and peptidases such as aminopeptidase, arylamidase and enkephalinase. Thus, metabolically 
unstable substances (e.g. peptides) are generally degraded before they reach the CNS. It 
should also be noted that entry to the CNS does not guarantee that a drug will accumulate in 
useful concentrations, as many peptides are rapidly exported back to the bloodstream.^ 
Several strategies have been reported to overcome the BBB penetration problem, including 
substitution of umiatural amino acids,^ the use of conformational constraints,^ and the 
addition of lipophilic side chains or other transport vectors.^ Glycosylation has proven to be 
a successful methodology to improve both the stability and bioavailabiUty of short peptide 
"messages" by incorporation of the peptide pharmacophore into a glycopeptide.^ Previous 
BBB penetration studies with opioid glycopeptide agonists beised on enkephalins have shown 
up to 3 -fold increases in the rate of brain delivery of these compounds compared with the 
unglycosylated parent peptides. Recent studies with glycopeptides in artificial membrane 
systems indicate that amphipathicity of the glycopeptides is an important factor in BBB 
penetration.^^ In addition, there is evidence that suggests that the type of glycosylation can 
alter tissue distribution pattems,^^ BBB penetration,^^ and peptide/receptor interactions. ^^'^"^ 

Endogenous Opioid Peptides. The endogenous neuropeptide p-endorphin is a 3 1 
residue naturally occxirring opioid peptide agonist that binds to and 5 receptors. Its N- 
terminal 5 residues are identical to the Met-Enkephalin sequence, and may be considered to 
be the pharmacophore. It was shown some time ago that the C-terminal region of p- 
endorphin has an amphipathic a-helical structure that plays a role in the receptor binding and 
opioid agonism,^^ and may induce resistance to proteolysis.^^ According to Schwyzer, the N- 
terminal sequence is the essential "message," and the C-teraiinal helical region is the 
"address" that limits delivery of the message to a subset of otherwise available opioid 
receptors.^^ Kaiser and co-workers proposed that P-endorphin consists of the Met-enkephalin 
peptide sequence at the N-terminus, a hydrophilic linker region from residues 6 through 12, 
and an amphiphilic helical region between the helix breaker residues Pro(13) and Gly(30).^^ 
This was later proven by synthesizing a number of P-endorphin mimics with artificial C- 
terminal helical regions with amphipathic character. These de novo amphipathic helices 
were non-homologous to the p-endorphin C-terminal region, and they were shown to be 
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largely a-helical by CD measiirements. These hybrid structures showed good opioid 
agonism in vitro when compared to p -endorphin. These studies strongly suggested that the 
amphipathicity of the C-terminal heUx plays a key role in the selectivity of these compounds, 
rather than the identity of specific amino-acids present in the C-terminal.^^ Dj^orphin A (1- 
1 7) is also an endogenous opioid peptide, but it binds preferentially to the k opioid receptor 
and has an N-terminal message segment identical to Leu-Enkephalin.^^ It has been suggested 
that an address sequence in the C-terminal region imparts selectivity for k receptors."^^ 
Dynorphin A adopts an extended and/or random coil structure when subjected to structural 
analysis by various spectroscopic measurements?^ A 2D ^H-NMR study in DPC micelle 
shows that Dynorphin A(l-17) contains a less ordered N-terminal segment, a well defined a- 
helix segment spanning between Phe(4) and Pro(lO) or Lys(l 1), and a P-tum from Trp(14) to 
Ghi(l T).^"^ Based on NMR results, the authors concluded that both the a-helix and the C- 
terminal p-tum are due to dynorphin-micelle interactions, and may be important structural 
features of the full-length peptide when bound to the cell membrane in vivo. Studies by 
Luna also support the notion that a helical structure in the message segment of Dynorphin 
A(l-17) is significant. The biological importance of helical C-terminal address segments in 
larger opioid peptides has been further supported by the recent work by Kyle and co- 
workers. They successfiilly synthesized several potent nociceptin (NC) peptide analogs 
exploiting the a-helix-promoting residues a-aminoisobutyric acid (Aib) and N-methyl 
alanine (Me Ala) at the C-terminus of NC. Nociceptin is the endogenous ligand for the 
recently identified opioid receptor-like 1 receptor (ORL-1). Thus, it seems logical to 
approach the design of opioid agonist p -endorphin or dynorphin peptide analogs by 
combining C-terminal amphipathic helical address segments that can also promote BBB 
penetration by virtue of glycosylation. 



SUMMARY OF THE INVENTION 
It is an object of the invention to provide glycopeptides which are amphipathic. 
These glycopeptides are essentially non-helical in pxire water but adopt a helical structure in 
the presence of a lipid bilayer. The presence of the carbohydrate permits the helical structure 
to leave the membrane to form a water soluble random coil, so that the glycopeptide does not 
remain embedded in the membrane, but can move from membrane to membrane, refomiing 
the helical amphipathic structure each time. As a result of this structural dynamic, the 
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glycopeptides of the present invention are capable of crossing the blood-brain-barrier (BBB). 
As a result^ the glycopeptides for treating a variety of neurological and behavioral disorders. 

Thus, the present invention provides an amphipathic glycopeptide, wherein the 
glycopeptide comprises at least 9 amino acid residues, and wherein at least one of the amino 
acid residues is glycosylated. 

The present invention also provides a pharmaceutical composition comprising the 
glycopeptide and at least one pharmaceutically acceptable carrier and/or excipient. 

The present invention also provides a method of relieving pain, comprising 
administering an effective amount of the glycopeptide to a subject in need thereof. 

The present invention also provides a method of providing analgesia, comprising 
administering an effective amount of the glycopeptide to a subject in need thereof. 

In addition, the present invention provides a method of treating anxiety, depression, 
obesity, anorexia nervosa, phobias, schizophrenia, Parkinson's disease and Alzheimer's 
disease, comprising administering an effective amoxmt of the glycopeptide to a subject in 
need thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 
A more complete appreciation of the invention and many of the attendant advantages 

thereof will be readily obtained as the same becomes better understood by reference to the 

following detailed description when considered in connection with the accompanying 

drawings, wherein: 

The figure nmnbers are the original numbers and have not been renumbered 
Figure 1 . Membrane mimics used in CD and NMR studies. Bicelles have much less 

membrane curvature than micelles, have a true fluid bilayer, and are more predictive of the 

membrane-bound glycopeptide structiH'e. 

Figure 2. To design the 1^^ — ^3^^ generation glycopeptides they were illustrated as 

amphipathic a-helical wheels (2 and 9 are shown). The hydrophilic residues are shown in 

red and the hydrophobic residues in blue. The message segment YtGF is not shown as part of 

the helix. The expected membrane position is shown as a gray line. 

Figure 3. Glycopeptide 9 is illustrated as a "perfect" amphipathic helix (N-terminal 

message segment to the left), with a calculated ConjtioUy surface. The surface has been 

colorized to indicate hydrophilic (red) and hydrophobic (blue) surfaces. Idealized "Class A" 
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and "Class L" amphipathic helices are illustrated as Edmund diagrams (end view) with the 
same color scheme. 

Figixre 4. a) Changes in the conformational ensemble are promoted by the membrane. 

r 

The solution form of the a-helix may be viewed as high energy intermediate leading to 
interaction of the membrane, or the membrane may be viewed as a catalyst leading to helix 
formation, b) Each glycopeptide has a small set of low energy membrane-bound micro-states 
(A, B, C...), as well as amuch larger set of higher energy solution microstates (1, 2, 3...). 

Figure 5. Putative endoc3^otic transport mechanism. It is hypothesized that the 
amphipathic glycopeptides (3 small spheres at left) can adsorb to the endothelium of the BBB 
on the blood side, and undergo endocj^osis to form vesicles. After the vesicles find their way 
to the brain side of the endothelial layer of cells, exocytosis can deliver the glycopeptides to 
the central nervous system. 

Figtire 6. Far-UV CD spectra of 1^* and 2"^ generation helical glycopeptides in SDS 
amphipathic media. The micelle concentration was 30 mM, pH = 7.0, and T = 18°C. The 
Far-UV CD spectra of glycopeptides 9 and 10 in various solvent media. The glycopeptide 
concentration used was 74-80 |jM. The ixdcelle concentration was 30mM and the bicelle 
concentration was lOmM, pH = 4.5 at 25°C. Bicelle Z refers to zwitterionic bicelles. Bicelle 
A refers to anionic bicelles. 

Figure 7. Plots of chemical shift deviations from random coil values. The Aib and 
|3 Ala residues are not shown in the plot. Consecutive negative deviations are characteristic of 
helical conformation. Random coil values were taken from reference 70. 

Figure 8. A plot of RP-HPLC retention times percent helicity (per-residue) for the 
glycopeptides. 

Figure 9. Summary of ROEs observed in H20:D20 (9:1) at pH = 4.5 and 20°C. The 
line thicknesses indicate the relative ROE intensities. 

Figure 10. Summary of ROEs observed in TFE/H2O (3:7) and pH - 4.5 at 15°C. The 
line thicknesses indicate the approximate ROE intensities. 

Figure 11. Sxmunary of NOEs observed in SDS micelle at pH = 4.5 and 25^C. The 
line thicknesses indicate the approximate NOE intensities. 

Figuure 12. Sxmmiary of NOEs observed in zwitterionic bicelles and pH = 4.5 at 25°C. 
The line thicknesses indicate the approximate NOE intensities. 
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Figure 13. Fingerprint region (aCH~NH) of the ROESY spectrum in 
CF3CH20H:H20 (3:7) and pH = 4.5 at 15°C (mixing time = 150 ms). The daN(i, i+2), daN(i, 
i+3) and daN(i? i+4-) ROEs are imderlined. 

Figure 14. Fingerprint region of (aCH-NH) of the NOESY spectrum in SDS 
micelles at pH = 4.5 and IS^'C (mixing time = 300 msec). The medium and long range NOEs 
are underlined. 

Figure 15. Fingerprint (aCH-NH) region of the NOESY spectrum in zwitterionic 
bicelle at pH = 4.5 and 25 °C (mixing time = 300 msec). The helical signature daNCi, i+2), 
d(xN(i5 i+3) and daN^j i+4) NOEs in the fingerprint region are xmderlined. Observation of 
sequential dNNCi, H"l) NOEs in the amide region indicates local helical conformation. Some 
of the potential dNN(i, i+1) NOEs are too near the diagonal to be quantified. The 
glycopeptide-to-bicelle ratio was 1:25. 

Figure 16. Comparison of solvent systems on 9. NOE-derived lowest energy 
conformations resulting from 200 ps simulated annealing molecular dynamics. Helicity 
increases and the backbone becomes more rigid as the solvent is changed from H2O to 
CF3CH2OH/H2O to SDS micelles to bicelles. 

Figure 17. PWR spectral changes observed for buffer (1), upon lipid bilayer 
formation (2) and glycopeptide 9 interaction for p- (left panel) and s-polarized (right panel) 
light. Data shown is for the equilibrated state for 20 nM of each glycopeptide. 

Figure 18. Binding curves for the interaction of glycopeptides 9 and 11 with the lipid 
bilayer. The dissociation constant given was calculated by fitting the data through a single 
hyperbolic function. 

DETAILED DESCRIPTION OF THE INVENTION 
As discussed above, the present invention provides an amphipathic glycopeptide, 
wherein the glycopeptide comprises at least 9 amino acid residues, and wherein at least one 
of the amino acid residues is glycosylated. As used herein, the term "amphipathic" as used 
herein has the same meaning as used generally in the field of peptide and protein chemistry. 
Thus, the glycopeptides of the present invention possess both hydrophilic and hydrophobic 
functional groups. In particular, when the glycopeptides adopt a helical conformation, as 
discussed in detail herein, the sequence displays a hydrophobic surface and a hydrophilic 
surface, as discussed in detail below. 
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In a preferred embodiment of the present invention, the glycopeptide adopts a helical 
conformation in the presence of a lipid bilayer, which reflects its conformation at the 
endothelial layer of the BBB. The glycopeptides also adopt a helical conformation in the 
presence of TFE- water mixtures, micelles and/or bicelles. Helicity can be measured by 
circular dichroism, by NMR, and even by reversed phase HPLC. As measured these ways, 
the glycopeptide has a helicity of at least 10%. In preferred embodiments, the glycopeptide 
has a helicity of at least 15^, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85% or 90%. 

In another embodiment, the glycopeptide is substantially non-helical in water in the 
absence of a lipid bilayer. Helicity can be measvired by circular dichroism. As measured this 
way, the glycopeptide has a helicity of at most 5%. In preferred embodiments, the 
glycopeptide has a helicity of at most 4%, 3%, 2% or 1%. In fact, the degree of helicity may 
be below the level of detection of the particular assay technique. 

In an especially preferred embodiment, the glycopeptide is substantially non-helical in 
water in the absence of a lipid bilayer and adopts a helical conformation in the presence of a 
lipid bilayer. Preferred embodiments of such a compound are as described just above. 

As a result of this conformation dynamic, the glycopeptides of the present invention 
may be capable of crossing the blood-brain-barrier. In preferred embodiments, the 
glycopeptides have a BBB uptake of 0.001 to .5 microliters per min per gram of cortex (see 
Table 1 below). This range includes all specific ranges and subranges therebetween, such as 
0.002, 0.005, 0.01, 0.02, 0.O5, 0.1, 02 and 0.4, In another embodiment, the glycopeptides are 
soluble in water. 

In a preferred embodiment of the present invention, the amino acid sequence of the 
glycopeptide comprises an N-terminal opioid message sequence, a C-terminal address 
sequence, and a linker sequence between the message sequence and the address sequence. A 
wide variety of opioid message sequences and address sequences are well-known and may be 
used in the present invention, in addition to non-opioid message sequences with the same 
address sequences. Suitable message sequences include the following: 

Delta-Selective Message Sequences 
Met-Enkephalin Y-G-G-F-M 



DSLET 



Y-dS-G-F-L-S 



DTLET 



Y-dT-G-F-L-T 



DSTBULET 



Y-dS (OtBu)-G-F-L-T 
Y-dPen-G-F-dPen (SS) 



DPDPE 
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Deltoiphin Y-dM-F-H-L-M-D-CONHa 



Mu- and Kappa-Selective Message Sequences 

Leu-Enkephalin Y-G-G-F-L 

LYM-147 Y-dA-G-MeF 

DAMGO Y-dA-G-MeF-NH-CHaCHaOH 

Dermorphin Y-dA-F-Gr-Y-P-S 

beta-Endorphin Y-G-G-F-M-T-S-Q-T-P-L-V-T-T-L-F-K-N-A-I-I-K-N-A-Y-K-K-G-E 

alpha-neo-Endorphin Y-G-G-F-L-R-K-Y 

beta-neo-Endoiphin Y-G-G-F-L-R-K-Y-P 

Peptide E Y-G-G-F-M-R-R-V-G-R-P-E-W-W-M-D-Y-Q-K-R-Y-G-G-F-L 

Peptide F G-G-E-V-L-G-K-R-Y-G-G-F-M 

Nociceptin (FQ) F-G-G-F-L-R-R-I-R-P-K-L-K-W-N-N-Q 

Dynoiphin A (1 - 1 7) Y-G-G-F-L-R-R-I-R-P-K-L-K- W-D-N-Q 

Dynorphin A ( 1 - 1 3) Y-G-G-F-L-R-R-I-R-P-K-L-K 

Dynorphin B Y-G-G-F-L-R-R-Q-F-K-V-V-T 

Morphiceptin Y-P-F-P 

beta-Casomorphin Y-P-F-P-G-P-I 

Endomorphin- 1 Y-P- W-F 

Endomorphin-2 Y-P-F-F 

Rubiscolin-6 Y-P-L-D-L-F 



In the sequences listed above, dA, dS, dT, dM, dPen represent D-alanine, D-serine, D- 
threonine, D-methionine and D-penicilimine, respectively. 

Regarding the linker sequence, in principle, any relatively short sequence of amino 
acids, or relatively short sequence of carbon atoms can serve as a linker. If one w^ishes to 
have the amphipathic helix transport sequence overlap with the message sequence, a short, 
non-demanding linker such as a single glycine, or tv^o glycines may be used. If one wishes to 
have a moderately stable amphipathic helix transport sequence, then a helix-destablizing 
amino acid such as a single proline may be used. If one wishes the helical address region to 
terminate, and not overlap with the message, then a helix-breaker such as beta alanine, or two 
prolines, or a longer sequence can be used. The linker can be varied to suite the particular 
message, and has been shown to have a large impact on the BBB transport rates. The 
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optimxim linker for a given address and message can be determined using routine 
experimentation. 

In one embodiment, the glycopeptide comprises at least 1 0 amino acid residues. In 
other embodiments, the glycopeptide may contain at least 1 1 to at least 50 amino acid 
residues. This range includes all specific values and subranges therebetween. For example, 
the glycopeptide may contain at least 1 1, 12, 14, 15, 17, 19, 20, 25, 30, 35, 40 or 45 amino 
acid residues. In preferred embodiments the glycopeptide may contain at most 60 amino acid 
residues. The sequence may also comprise at most 55, 50 or 45 amino acid residues in other 
embodiments. Thus, glycopeptide of the present invention may have an amino acid sequence 
that is 1 0-60 residues in length. This range includes all specific values and subranges 
therebetween, such as 12, 15, 20, 25, 30, 40 and 50 amino acid residues. 

In one embodiment, the glycopeptide is a glycosylated enkephalin. In another 
embodiment, the glycopeptide is a glycosylated endorphin. 

The glycopeptide may have the N-terminal sequence Y-a-G-F-, T-t-G-F-, Y-t-G-F-L-, 
Y-t-G-F-L-P-, Y-t-G-F-L-pA-, or Y-t-G-F-L-G-G-. The symbols "a", "t" and "pA" represent 
D-alanine, D-threonine and P-alanine, respectively. Unless noted otherwise, a single amino 
acid depicted in lower case refers to the D-amino acid. Other suitable N-terminal sequences 
include Y-G-G-, Y-G-G-F-, Y-m-F-, Y-m-F-H-, Y-a-F-, Y-a-F-G-, Y-P-F, Y-P-F-P-, Y-P-F- 
F-, Y-P-W, and Y-P-W-F-. In addition, many non-opioid sequences may be used in the 
present invention, including sequences ftom corticotropin releasing factor (CRF), lutenizing 
hormone (LH), human chorionogonadotropin (hCG), follicle stimulating homione (FSH), 
vasoactive intestinal peptide (VIP), bradykinin, vasopressin, nevirokinins, substance P, 
prolactin, and many other hypothalamic peptide hormones. 

As used herein, the term "glycosylated" means that an amino acid residue is 
functionalized with a glycosyl group. A glycosyl group is composed of saccharide units. 
These terms are well-known in the field of peptide and protein chemistry and have such 
meanings as used herein. In preferred embodiments, the glycosyl group has at most 8 
saccharide vinits. More preferably, the glycosyl group has at most 4 saccharide units. In 
another embodiment, the glycosyl group is at most a disaccharide, i.e., the glycosyl group has 
at most 2 saccharide units. Thus, the total number of saccharide xmits may be from 1 to 8, 
inclusive of all specific values and ranges therebetween. Example of glycosyl groups include 
P-D-glucose, p-maltose, P-lactose, P-melibiose and P-maltotriose. Other examples include 
sucrose, trehalose, saccharose, maltose, cellobiose, gentibiose, isomaltose and primeveose. 
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Other glycosyl groups include galactose, xylose, mannose, manosaminic acid, fucose, 
GalNAc, GlcNAc, idose, iduronic acid, glucxoronic acid and sialic acid. 

In one embodiment of the invention, one amino acid residue is glycosylated. In 
another embodiment, two amino acid residues are glycosylated. In other embodiments, the 
glycopeptide may have 3 or 4 or more glycosylated amino acid residues. 

In a preferred embodiment, the glycopeptide comprises at least one serine residue that 
is glycosylated. In another preferred embodiment, the glycopeptide comprises 2 serine 
residues that are glycosylated. In one specific embodiment, the glycopeptide contains one 
serine glucoside residue. In another specific embodiment, the glycopeptide contains 2 serine 
glucoside residues. 

Suitable methods for preparing glycopeptides are well-known. The well-known 
methods of solid phase peptide synthesis can be used to prepare the glycopeptides of the 
present invention. It is preferred that the glycosyl group be linked to the amino acid sequence 
by an O-linkage to a side chain in the address segment of the sequence. See Tetrahedron 
Asymmetry 16, 65-75 (2005), incorporated herein by reference, and U.S. 5,727,254. 

In a particularly embodiment of the present invention, the glycopeptides of the present 
invention is selective for the delta opioid receptor, mu opioid receptor or kappa opioid 
receptor. In this embodiment, the glycopeptides are receptor agonists. In fact, any g-protein 
coupled receptor (GPCR) could be a target for glycopeptides designed using these concepts. 

As a result, the glycopeptides of the present invention may be useful for treating a 
variety of neurological and/or behavioral disoders that are mediated by those receptors. Thus, 
the glycopeptides may be used for relieving pain by administering an effective amount of the 
glycopeptide to a subject in need thereof. The glycopeptides may also be used to provide 
analgesia by administering an effective amount to a subject in need thereof. The 
glycopeptides may also be used to treat anxiety, depression, obesity, anorexia nervosa, 
phobias, schizophrenia, Parkinson's disease and Alzheimer's disease by administering an 
effective amount to a subject in need thereof. 

The subj ect is preferably a human. The subj ect may also be a non-human animal, 
especially a mammal. Suitable animals include mice, rats, dogs, horses, sheep, and monkeys. 

The present invention also includes a phaimaceutical composition comprising the 
glycopeptide and at least one pharmaceutically acceptable carrier and/or excipient. 
The glycopeptides of the present invention may be prepared for pharmaceutical 
administration by methods and excipients generally known in the art (Remington's 
Pharmaceutical Sciences, E.W. Martin). Carriers and excipients may include water, pH 
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buffers, such as citrate or phosphate buffers, 'wetting agents ' such as Tweens or other 
detergents, salts such as sodivim chloride, reducing agents such as thiols, sugars, such as 
dextrose, lactose, sucrose and the like, glycerol, glycol, oils, preservatives, antimicrobials, 
etc. The composition may be prepared as a liquid, powder, solid or in gel form for 
administration. Administration may be via parenteral routes, such as intravenous, 
intraperitoneally or subcutaneous, oral, nasal, inhalation, rectally via suppositories or other 
known routes of administering drugs. Dosages and administration schedules are readily 
determined by those skilled in the phamiacology. A suitable dosage range for the 
glycopeptides is 0.001 microgram per kilo to 30 milligrams per kilo of body weight. 



Glycopeptide Design Principles. Three series of glycosylated p-endorphin analogs 
have been designed and synthesized for study. The peptide sequences were not homologous 
to p -endorphin, but the C-terminal regions were designed to produce amphipathic helix 
conformations, and bear one or more serine glycosides. A complete blood-brain barrier study 
of these compounds in mice will be published separately,^^ but some of the most salient BBB 
results will be presented here, along with opioid binding and functional assays. It is 
noteworthy that some of the much longer endorphin glycopeptide analogs penetrate the 
mouse BBB at higher rates than the much shorter enkephalin glycopeptide analogs. In this 
study, we will focus on the design and conformational analysis of representative P-endorphin 
glycopeptide analogs in water, TFE-water mixture, SDS micelles and bicelles determined by 
2D-^HNMR and circular dichroism (CD). The organic solvent trifluoroethanol (TFE) has 
traditionally been used to promote secondary structure formation.^^ Later, the use of 
detergent micelles was proposed to study peptide-membrane interactions.^^ Recently, in 
order to better mimic the flatter membrane environment, the use of phospholipid bicelles was 
proposed, and is gaining momentum because of its advantages over organic solvents and 
micelles,^^ The bicelles used in the NMR studies are disk-shaped aggregates formed by 
mixing long-chained phospholipids, such as dimyristoylphosphadylcholine (DMPC) which 
form a bilayer domain disk, along with short-chained surfactant phospholipids, such as 
dihexanoylphosphatidylcholine (DHPC) that seal the edges of the bilayer.^^*^'^^ Unlike 
micelles, which show extreme positive curvature, the phospholipid bicelles constitute a true 
fluid membrane bilayer segment with a very low curvature (Figure 1). It has been shovm that 
while some membrane-bound enzymes lose their activity in micellar solution, activity is often 
retained when bound to phospholipid bicelles.^^ It has also been shown previously that Met- 
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enkephalin shows a different conformational ensemble in the presence of the more fluid 
bicelles th.an in a micelle environment. Conformational studies of cell-penetrating peptides 
in SDS micelle and bicelle systems show that these peptides adopt very similar structure in 
both systexns, but the position of the peptides in a micelle differs significantly from the 
position in the phospholipid bilayer.^"^ Thus, in order to understand the behavior of the 
glycopeptides that traverse the BBB, it is important to study the conformational properties of 
the glycopeptides in TFE-water mixtures as well as in membrane mimicking micelles and 
bicelles. 

Rabert Schwyzer pointed out the importance of the membrane in peptide-receptor 
interactions with the development of his ''membrane compartment theory, " According to 
this theory^, the lipid phase of a cellular membrane acts as a matrix for the receptor and the 
ligand.^"^ ]Max Delbruck performed a theoretical study of receptor-ligand interactions in the 
context of "membrane compartmentalization."^^ He found that a 2D search for a receptor 
was much more efficient than a 3D search for a receptor, and suggested that the initial 
interaction was adsorption of a ligand to the membrane. Membrane insertion can also induce 
a specific conformation of the ligand, different from its solution conformation, and this 
membrane "bovind conformation is likely to be the bioactive conformation. 

Helices are the most commonly occurring secondary structural elements in globular 
proteins, accoimting for one-third of all the residues.^^ In 1974, Segrest and co-workers first 
theorized the amphipathic (a.k.a. amphiphilic) helix as a unique structure/function structural 
motif of proteins involved lipid interaction.*^^ It is estimated that over 50% of all a-helices in 
natvire are amphipathic. These proteins are unique in that they possess hydrophobic and 
hydrophilic regions, either by primary structure (having hydrophilic N-terminus and 
hydrophobic C-temiinus) or by secondary structure, with polar residues pointing one face and 
the nonpolar residues on the opposite side. This allows them to "float" in cell membranes, 
exposing the hydrophilic side to the aqueous exterior of the cell and the hydrophobic side to 
the lipophilic membrane. Several functional properties are associated with amphipathic 
helices, which include lipid association, membrane perturbation in the form of fusion or lysis, 
hormone-receptor catalysis, transmembrane signal transduction, regulation of kinase- 
calmodulin signal transduction, and transmembrane helical bundle formation.^^ Amphipathic 
cell penetrating peptides (CPP) have been used for drug delivery into the cytosol."^^ These 
Class L (e, lytic) amphipathic helices are believed to aggregate on. the cell surface, followed 
by rotation to produce pores through the lipid bilayer. This would not be a good scenario for 
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penetration of the BBB. Rather, Class A (e.g. apolipoprotein) amphipathic helices, which do 
not aggregate or form pores seem to be desired in order to participate in endocytotic events at 
the endothelial layer. Class A amphipathic helices will prevent the glycopeptides from 
entering the c^rtosol, or inserting too deeply into the membrane — which can become 
irreversible events in the context of traversing the BBB. Thus, the residues that form the 
hydrophilic fa-ce of the amphipathic helices used in these studies have been chosen to occlude 
a large angle, close to 180°, and should provide Class A amphipathic helices that "ride high" 
in the membrane, and are less likely to aggregate to form pores. 

The helical glycopeptides in these studies were designed in accord with classic studies 
of helix formation"^ ^ combined with a simple Edmundson wheel approach to introducing 
amphipathicity (Figure 2). Molecxilar mechanics calculations also supported helical, 
amphipathic structures for the glycopeptides (Figure 3). Solvent-accessible areas (Connolly 
surface) labeled different colors for hydrophobic and hydrophilic residues suggested that 
these molecules could exist as Class A amphipathic helices when in a membrane 
environment, and it was our hope that we could achieve optimal on and off rates to achieve 
penetration of cellular barriers by transcytosis.^^'^^ 

The same 8-selective DTLES message segment"^"^ used in previous work has been used 
throughout these studies. The message and address segments were connected via a peptide 
linker in an efifort to "break" the helix. Three sets of glycopeptides were designed with the 
common message segment YtGFL with differing linlcer and amphipathic helix address 
segments (Table 1). The 1^* generation of helical glycopeptides (1 — 4) have a common Gly 
linker, but differ in the address segment sequence length (simple truncation) . One or two 
glycosylation sites were incorporated to promote detachment of the amphipath from the 

J. 

membrane. Of these four 1 generation glycopeptides, only glycopeptide 2 showed any 
appreciable water solubility. The 2"^ generation glycopeptides (5 — 8) incorporated fewer 
hydrophobic regions and a third glycosylation site in an effort to make them more water 
soluble. All of the 2"^ generation helices were, indeed, water soluble. In both the 1^* and 2"^ 
generation gly^copeptides the Gly linker was ineffective in terminating the helix, which 
propagated into the YtGFL message. In the 3"^^ generation of helical glycopeptides (9 — 12) 
three different linkers. Pro, p-Ala, Gly-Gly, were used with the same helical segment, which 
was much shorter, and contained Aib, a residue known to promote helix formation. Neither 
Pro nor Gly-Grly was very effective in terminating the helix. The length of the C-terminal 
helical segment was fixed at nine residues in length in the 3^^ generation design, sufficient to 
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form two complete a-helical turns. None of the C-terminal helical address segments have 
any sequence homology to nattaral p-endorphin or dynorphin C-terminal segments. Since the 
stabilizing forces involved in helix formation are local, such as a regular network of internal 
hydrogen bonds, electrostatic interactions between charged side-chains, heUx design is easier 
than p-sheet design.'^'^ Strategies previously used to create short stable helical peptides 
include: i) the incorporation of helix stabilizing Ala residues,"^"^ ii) use of a-methylated axnino 
acids, iii) adding salt bridges between residues separated by one a-helical tum,"^^ iv) 
incorporating covalent macrocycles,"^^ and v) adding nonpeptide templates to initiate hehx 
formation."^^ Thus, our design is based purely on protein folding principles and amino acid 
characteristics (e.g, strategies i — ^iii). Hydrophobic and hydrophilic residues were placed 
appropriately by plotting the C-terminal helical segment in a helical wheel plot (Edmunds 
diagram). Also we placed the amino acids in such a way to facilitate NMR characterization. 
Trp, Phe and Leu were chosen as hydropholDic amino acids in 1^^ and 2"^ generation 
glycopeptides whereas in 3^^ generation only Leu was chosen as the hydrophobic residue 
because it has good helical propensity among the hydrophobic residues."^^ Glu~ and Lys 
were chosen as hydrophilic residues to form, salt-bridges when placed in i and i+4 positiaais. 
The presence of residues with side chains ttaat can form hydrogen bonds with the main-ctiain 
amide NH or carbonyl groups when located at the beginning (N-cap) or end (C-cap) of a- 
helices has been found to stabilize and nucleate the helical conformation in peptides and 
proteins. Asn followed by Asp are the most: favored N-cap residues in the natural protein 
helices forming i, iH-2 or i, i+3 type H-bonds with main chain NH hydrogens.^^ Hence, in the 
3 generation of helical glycopeptides, Asn. was placed immediately following the linker 
residue to initiate the helix by forming Asx type hydrogen bonding between its side-chain 
amide with main chain. Other key design features used in the helical segment design w^ere 
placing the helicogenic Aib residue in the nciiddle and, charged residues Glu and Lys at i and 
i+4 position to have electrostatic salt bridge in order to increase the stability and solubility, 
and prevent aggregation. 
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Table 1. Glycopeptides sequences and bioactivity. 
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5 


1^ 


A50 


BBB 




No. 


Message-Linker-Helix 




ICso 


J.C.V. 


UDtake 








(nM) 


(nM) 


(nmol) 






1 


YtGFLGELAS*KWFNALE 




H2O insoluble 






2 

•mm 


YtGFLGELAS*KWFNALES* 


9 5 


144 


0.27 






3 


YtGFLGELAS*KWFNAI FS*F 




H2O Insoluble 






4 


YtGFLGELAS*KWFNAI FS*FW 




H2O insoluble 






5 


YtGFLGALKS*FAES*LS*NA 












6 


YtGFLGLLKS*FAES*WS*NF 


11.9 


154 


0.028 






7 


YtGFLGKS*FAELWS*NFLS* 


25.6 


38.2 


0.096 






8 


YtGFLGLLKS*FWES*WS*NF 












9 


YtGFLPNLBEKALKS*L 


6.15 


90.8 


0.030 


0.390 




10 


YtGFLpANLBEKALKS*L 


108.9 


153 


0.030 


0.183 




11 


YtGFLGGNLBEKALKS*I_ 


32.5 


53 


0.030 


0.002 




12 


YtGFLPNLBEKALKS**L 













S* = P-O-Glucosyl-L-Serine, S** = p-O-Lactosyl-L-Serine. 



Discussion 

Glycopeptide 9 has been found to efficiently cross the blood brain barrier in mice, 
whereas 11 did not, which suggests that the capability of 9 to cross the blood brain barrier is 
correlated with its high affinity for the lipid bilayer. The binding affinities suggest that the 
structure of the peptide moiety is responsible for interaction with the membrane. The 
unglycosylated peptide related to 9 (9u in the Supporting Info) shows slightly reduced 
binding to the membrane (Kd = 4O0 nM, data not shown). Further studies involving the 
imglycosylated peptides will be necessary to further investigate this point, but it has been 
observed earlier with shorter glycopeptides that increasing glycosylation also enhanced 
interactions with liposomes. This could indicate that the carbohydrate is slowing the rate of 
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diffusion jfrom the membrane, perhaps by interacting with the "unstirred layer" of H2O 
molecules near the membrane surface. 

The available information suggests that the role of the glycoside is simply to "pull" 
the glycopeptide away from the membrane, allowing the drugs to "hop" from membrane to 
membrane. These "hops" could be short, keeping the helical backbone conformation, or with 
helix — > random coil transition in the aqueous phase, could be long joumeys (Figure 4). 
The membrane may be viewed as a catalyst that promotes helix formation^ ^ (clockwise 
motion), or alternatively, helix formation in aqueous solution may viewed as an energy 
barrier that must be surmounted in order to achieve membrane binding (counter-clockwise 
motion). The CD and NMR results show that the gly^copeptides have two distinct behaviors 
in the presence of, or in the absence of a membrane bilayer. In aqueous media, only nascent 
helices are observed, with many random coil structuires (e.g. Figure 4b, 1, 2, 3...) dominating 
the conformational ensemble. In the presence of a nxembrane bilayer, a reduced nxmiber of 
amphipathic structures (e,g. A, B, C. . .) dominate the? ensemble. From these and other 
studies/"-''-^' it seems clear that the degree of gly cosy lation (z. e. disaccharide vs 
monosaccharide) does not have a large effect on the structure of the individual microstates. 
Thus, the major role of increased glycosylation is the? lowering of the energy of the entire 
aqueous ensemble. Altering the degree of glycosylation should allow for the modulation of 
aqueous vs membrane-bound state population densities.^^ 

While interaction of the amphipathic address segment has obvious implications for 
receptor binding of the message segment, the implications of the amphipath for drug transport 
and BBB penetration are very important also. The BBB transport occurs via an absorptive 
endocytosis process on the blood side of the endothelium of the brain capillaries (Figure 5), 
followed by exocytosis on the brain side, leading to an overall transcytotic mechanism. In 
order for this process to be efficient, the glycopeptide must be able to bind to the membrane 
for some period of time, and must also be able to exist in the aqueous state for some period of 
time. Further work needs to be done in order to obtain kinetic information on the 
glycopeptide-membrane interactions in vitro, as well as further information in vivo on the 
BBB transport process in order to fully exploit the gl^^cosylation strategy. 

Conclusions. CD and NMR studies show that glycopeptides 9 — 12 form nascent 
helix-random coil structures in H2O, and that exposure of these aqueous random coils to 
membrane mimics can produce helical and highly anaphipathic secondary structures. Several 
lines of in vitro research (CD, NMR, PWR) show that membrane-induced helix formation 
occurs readily in the presence of anionic and zwitterionic membrane mimics. Binding of the 
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helical address region to the membrane can modify agonism a"t the opioid receptor, and will 
likely influence the kinetics of opioid binding. Membrane birtding affinities (micromolar to 
nanomolar Kd values) determined by P WR show that membrajie affinity rival, or even 
exceed affinity for the opioid receptor. Amphipathic binding to the membrane also seems to 
correlate to BBB transport rates. Since there are some 250 known neuropeptides produced in 
the himian brain, a more complete understanding of tbeir glycosylated counterparts could 
lead to a new vista of pharmacology that exploits the natural binding selectivity of the 
neuropeptides to treat a wide variety of neurological disorders . 

EXAMPLES 

Experimental Procedures 

Materials. Amino acids, coupling reagents and Rink-amide resin were purchased 
from Advanced ChemTech (Louisville, USA). All other reagents including Sodium dodecyl 
sulfate-i:6j used in NMR experiments were purchased from Sigma (St.Louis, MO). The 
deuterated phospholipids, dihexanoyl-5'^-glycero-3-phosphaticaylcholine-i:/22 (DHPC), 1,2- 
dimyristoyl-5'«-glycero-3-phosphatidylcholine-(i5^ (DMPC) and l,2-dimyristoyl-^^-glycero-3- 
phospho-l-glycerol-<i54( (DMPG) were pxirchased from Avanti Polar Lipids (Alabaster, AL). 

Peptide Synthesis and Purification. The required gly^cosyl amino acids were 
synthesized using previously published methods.^^ The glycopeptides were synthesized 
manually by standard solid-phase methods employing fluorenylmethoxycarbonyl (Fmoc) 
chemistry on rink amide resin. The side chain protecting groups were chosen so as to be 
removed in a single step at the end of the synthesis while the glycopeptide is still attached to 
the resin. The side chain protected amino acids used in the synthesis were Fmoc-Lys(Boc)- 
OH, Fmoc-Glu(OtBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-DThr(But)-OH and Fmoc-Tyr(But)- 
OH. The amide couplings were with HBTU/HOBVDIPEA. Each coupling was performed in 
a manxxal peptide synthesis vessel using DMF as solvent by agitating using N2 for 90 minutes. 
The coupling was monitored by the Kaiser ninhydrin test. Fmoc groups were removed with a 
solution of 20% piperidine in DMF. Once the glycopeptide wsls assembled and the final 
Fmoc group was removed, the -OAc protecting groups were cleaved from the carbohydrate 
with 80% H2NNH2*H20 in CH3OH. The glycopeptide was cleaved from the resin with a 
coclctail F3CCOOH:Et3SiH:H20:PhOMe:CH2Cl2 (9:0.5:0.5:0.05:1) which also removed the 
side chain protecting groups. The crude glycopeptides were precipitated with ice-cold ether, 
filtered, redissolved in H2O and lyophiUzed. The glycopeptides were purified by RP-HPLC 
with a preparative RP(C-18) column using acetonitrile-water gradient containing 0.1% TFA. 
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Homogeneity of the final glycopeptides was assured by analytical RP-HPLC and mass 
spectrometry. 

Circular Dichroism. All of the circular dichroism experinxents were carried out on 
Aviv Associates model 60DS using an Endcal Model RTE4DD water circulator as a 
temperature-control vehicle. The instrument was calibrated by usimg d-lO-camphorsulphonic 
acid. The spectra were recorded between 200 and 250 nm by using the continuous mode with 
a 1 .5nm bandwidth, a three second response and a seem step of 0.5 mm in a cell with a path 
length of 0.1 cm. Three or five scans were accumulated and averaged for each spectrum. 
Glycopeptide stock solutions were prepared by weighing the required amoimt, using 
CahnA/^entron Instruments Model 21 automatic analytical electroba^lance, to make 1 mL of a 
0.5-1 .0 mM solution and the pH was adjusted to the desired value. Samples were prepared 
by diluting the stock solution to 70-80 |liM. All observed spectra w^ere baseline-subtracted 
and smoothed by adjacent average of 5 points using Microcal Origiai Ver.5.0 software 
(Microcal Software Inc, USA). The molar ellipticities were determ^ined using the formula [9] 
= [0]obs*(^^^W)/lO»/*C, where [9]obs observed ellipticity in millidegrees, MRW is the mean 
residue weight, / is the cell path length in centimeters and C is the glycopeptide concentration 
in mg/mL. The percent a-helicity was determined by using the formula %helix = [6]n-^7c* / " 
40,000 (l-2.5/n)*100, where n represents the nxmiber of amide bonds (including the C- 
terminal amide) in the glycopeptide and [0]^.^^** is molar ellipticity of n^Ti;* transition band 
at 222 nm.^^ 

NMR Spectroscopy. All NMR spectra were recorded on a Bruker DRX600 600MHz 
spectrometer. Glycopeptide concentration for the NMR experiments varied from 2-3 mM. 
The glycopeptides were prepared in TFE-water solution by dissolving the peptide in 0.6 ml 
solution of a premixed 30% TFE-water mixture. The micelle samples were prepared by 
dissolving the glycopeptide and 100 equivalent of perdeuterated SE>S in 0.6 ml of H2O/D2O 
(9:1 ratio by volume). Bicelles were produced from deuterated phospholipids. The 
zwitterionic bicelles were made by mixing the short chain phospholipid dihexanoyl-^w- 
glycero-3-phosphatidylcholine-^22 (DHPC) and the long chain l,2-ciimyristoyl-.S'w-glycero-3- 
phosphatidylcholine- (DMPC) in the molar ratio of 2: 1 in H2O. The anionic micelles were 
prepared by substituting 10 mol% of l,2-dimyristoyl-i'n-glycero-3-phospho-l -glycerol- 
(DMPG) for DMPC. The glycopeptide to bicelle ratio was 1 :25. AJler the glycopeptide was 
added to the bicelle solution, the system was submitted to a series o f three freeze/thaw/slight 
vortex shaking cycles. The pH of the each sample was adjusted to -4.5 by using DCl or NaOD 
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as necessary. TSP (3-(trimethylsilyl)-<i4-propionic acid) was added as an internal standard. 
The experiments in F3CCD2OD/H2O mixtures were at 293 K and for experiments in 
micelles/bicelles were at 298 or 3 1 1 K. Two-dimensional double quantum filtered 
correlation (DQF-COS Y), rotating-frame Overhauser enhancement^^ (ROESY), jnuclear 
Overhauser enhancement^^ (NOESY), and total correlation spectra^^ (TOCSY) were acquired 
using standard pulse sequences and processed using XWINNMR (Bruker Inc) and 
FELIX2000 (Acceliys Inc, San Diego, CA). Mixing times for TOCSY spectra were either 80 
or 100 ms. Mixing times for ROESY spectra were 150 or 250 ms, and for NOESY spectra 
were 200 or 300 ms. All experiments were 750 increments in tl, 16/32/64 scans each, 1.5 s 
relaxation delay, size 2 or 4K^ and the spectral processing was with shifted sine h>ell window 
multiplications in both dimensions. The water suppression was achieved for 
F3CCD2OD/H2O samples by pre-saturation of the H2O signal. Since the H2O suppression 
technique did not yield satisfactory^ results for membrane mimicking solvents, the 
WATERGATE pulse sequence was used for those solvents to suppress the H2O signal.^^ 
Coupling constants ("^Joh-nh) were measured from 2D DQF-COSY spectra. 

Structure Determination. Distance constraints for the structure calculation were 
obtained from integral volumes of the ROESY or NOESY peaks. The NOE integral volumes 
were classiJSed into strong, medium and weak with 3.0, 4.0 and 5.0 A as upper bound 
distances, respectively. Molecular dynamics simulation was done with the 
INSIGHT/DISCOVER package (Accelrys Inc, San Diego, CA) with consistent v-alency force 
field (CVFF).^^ All the calculations were done in vacuo. A distance-dependent dielectric 
constant (2.5«R, where R is the distance in A) was used. Based on the CSI plot of aCH 
proton and the NOEs pattern observed, the starting structure of all the glycopepti des had 
extended conformation for the N-terminal segment 1-6, and helical conformation for the C- 
terminal segment 7-16. The charged form of Glu and Lys side chains were considered 
throughout the calculations. All peptide bonds were constrained to trans conforrxiation by a 
100 kcal mol"^ energy penalty. Distance restraints with a force constant of 25 kcal mol"^ were 
applied in the form of a flat-bottom potential well with a common lower bound o f 2.0 A. 
Only the distance restraints from inter-residue NOEs were included in the calculation. No 
stereospecific assignments were made and, hence, pseudo atom corrections were applied for 
all the diastereotopic protons when the NOE restraints were imposed.^^ Dihedral angle 
restraints based on aCH chemical shift index (CSI) were imposed on the residues displaying 
helix type deviation. Thus for a CSI of >-0.10 ppm, the (j) and \|/ restraints were in the range 
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-90° to -30° and -60° to 0°, respectively while for a CSI of <-0.10 ppm, the corr-esponding 
ranges were -180° to -30° for v|/ and -90° to 180° for (j). The starting structures were 
minimized with all restraints in place, first with steepest descent algorithm, then by conjugate 
gradient algorithm, and finally subjected to a simulated annealing protocol. A two hundred 
picosecond molecular dynamics run was done at 1,OOOK, followed by cooling to 300K in 7 
steps for a total of 35 ps, and then steepest descent and conjugate gradient minimLzation. One 
hiindred final minimized structures were sampled at 2 picosecond intervals. 

Plasmon-waveguide resonance (PWR) spectroscopy. The PWR instrument used 
for these experiments was Aviv Beta prototype version device obtained from Protzerion Corp. 
(Piscataway, NJ) having a spectral resolution of 1 millidegree. Self-assembled solid- 
supported lipid membranes were prepared according to the method used for the formation of 
freely suspended lipid bilayers. This involves spreading a small amount of lipid solution 
across an orifice in a Teflon sheet that separates the thin dielectric film (SiOa) from the 
aqueous phase. The hydrophilic surface of hydrated Si02 attracts the polar groups of the lipid 
molecules, thus inducing an initial orientation of the lipid molecules, with the hydarocarbon 
chains pointing toward the droplet of excess lipid solution. The next steps of bila3^er 
formation, induced by adding aqueous buffer to the sample compartment of the P'WR cell, 
involve a thinning process and the formation of a plateau-Gibbs border of lipid solution that 
anchors the membrane to the Teflon spacer. In the present experiments, the lipid films were 
fomaed from a solution containing 5 mg/ml egg phosphatidylcholine (PC) in 
squalene/butanol/methanol (0.05:9.5:0.5, v/v). The lipid was purchased from Avanti Polar 
Lipids (Birmingham, AL). All experiments were carried out at constant temperature of 25 
°C, using 10 mM Tris buffer containing 0.5 mM EDTA and 10 mM KCl (pH - 7.3), in a 1 
mL sample cell. Aliquots of the glycosylated peptides, dissolved in deionized wa-ter, were 
injected stepwise in the PWR cell sample and the signal monitored until equilibrium was 
reached (PWR signal steady). Finally dissociation constants (Kd values) were obtained from 
plotting the resonance minimimi position for the PWR spectra as a function of peptide 
concentration in the cell sample and fitting using a simple hyperbolic function to describe the 
binding of a ligand to a lipid bilayer. Data analysis was performed with GraphPad Prism 
(GraphPad Software Inc., CA, USA). . 

First Generation Helical Glycopeptides. In the 1^* generation series, the helix 
length, which comprised the address segment, was varied in order to determine th^ minimum 
length required for stable helix formation. An eight-residue amphipathic sequence was used 
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as a base repeating unit for the helix, with the total length used ranging from ten to fourteen 
residues. (Table 1) The 1^* generation glycopeptides were studied by NMR and CD to 
determine the effect of length on helix stability. The CD data suggested that these 
glycopeptides were random coil in water and became helical in the presence of SDS micelles. 
However, no direct correlation could be made between the length of the address helix and the 
degree of helicity of the glycopeptide on a per-residue basis. In fact, the shortest of the 
compounds, glycopeptide 1, which had only 12 residues in the address region, displayed the 
highest level of helicity by CD. Since these glycopeptides were not very soluble in H2O it 
was impossible to compare the micelle-bound structures to the aqueous state. 
NMR studies on the compoxmds were problematic due to the poor solubility at NMR 
concentration. Only one of the glycopeptides in the 1 generation, glycopeptide 2, showed 
significant solubility in water, and was subjected to NMR studies in H2O/D2O to obtain 
residue-specific conformational properties. Several helix diagnostic peaks were observed 
(data not shown). Some of these long-range "helical" NOE's traveled across the glycine 
spacer residue, which include G3aH<^L7NH, F4aH^L8NH and L5aH«->A9NH. . This 
suggested that the glycine spacer did not terminate helicity as originally hoped for, and that 
the conformation of the message segment was affected by the helicity of the address segment. 
While these, and other NOE's, did suggest some degree of helicity in water, the CD spectrum 
of glycopeptide 2 in water disputed this conclusion, as the compound was determined to be 
predominantly random coil by CD. 

As glycopeptide 2 was the only water-soluble compound of the 1^^ generation series, it 
was the only glycopeptide to be carried on for in vitro binding and in vivo antinociception 
studies. In both receptor binding assays it was seen that the compound was somewhat 6- 
selective, with good potency at that receptor. When compared to the previously studied^^ 
enkephalin-based glycopeptides, activity at the |Li-receptor was diminished in both assays, but 
the drug still possessed enough activity to warrant in vivo experimentation. Upon testing, the 
A50 value of the compovind after Lev. administration was shown to be 120 pmoles per mouse. 
This showed that the drug was roughly 1 8 times more potent than morphine via this route of 
administration. The A50 value provides confirmation of the success of using amphipathic 
helical C-terminal for BBB penetration, and shows that the a-helical glycopeptide enkephalin 
analogs can also provide antinociceptive effects in vivo. 
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Table 2. Circular Dichroism Data for 1^* and 2"^ Generation Glycopeptides. 



Peptide 


-[e]n->7t*'''* 
222 nm 


205 nm 




% a-helicity® 


1 


29158 


28568 


1.02 


85 


2 


23205 


23451 


0.99 


67 


3 


22719 


22134 


1.03 


65 


4 


28640 


29218 


0.98 


82 


5 


20109 


20776 


0.97 


58 


6 


12628 


15002 


0.84 


37 


7 


5344 


11642 


0.45 


15 


8 


13725 


16043 


0.86 


39 



^The units for [0] are deg*cm^*dmor^ ^The negative maxima for the [0]7i-~>7i;* was observed 
between 205 and 209 nm. ^The negative maxima for the [9]n->7i;* was observed between 222 
and 225nm. '^R^ [Q]n->nJ[Q]%^n*. A lower value of 0.15-0.40 is observed for 3io-helix. ®The 
% helicity calculated according to the reference 53. All data was observed in the presence of 
SDS micelles (30 mM) at pH = 7.0 and 1 8°C. 

Second Generation Helical Glycopeptides. The main concem with this generation 
was water solubility and the ratio of lipophiUcity vs hydrophilicity. All the glycopeptides of 
this series bore 3 glucosylserines, and were highly water soluble. The conformational 
properties of these glycopeptides were studied by CD. (Figure 6 and Table 2) The 
glycopeptides were largely random coil in water by CD, but they adopt largely helical folding 
in SDS micelles. This generation of glycopeptides was less helical than the 1^* generation. 
The parameter R, defined as ratio between [0]n-»7i*(^22 nm) and [0]7i->7r*(=2O5 nm), is 
0.45 for glycopeptide 7, which suggests that the glycopeptide backbone might undergo 3io- 
helical folding. It is interesting to note that although the C-terminal helical segment of 
glycopeptide 7 has the same amino acids as glycopeptide 8, but inverted, they showed 
disthictly different CD spectra. This result suggests that placing of the amino acids in the 
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peptide sequence is more important than the amino acid properties alone for attaining a 
specific folding pattern. Attempts to determine three dimensional structures by NMR were 
hampered by poor quality TOCSY spectra, which was usually essential for imambiguous 
spin-system identification. The NOESY spectra (but not the ROESY spectra) were of high 
quality. The probable reason for this is the increased effective molecular weight due to the 
glycopeptide association with SDS micelles, which is supported by extremely long 
correlation (tc) times. 

The Lev. administration to mice (results to be published separately) showed that 
glycopeptides 5, 6 and 7 are potent antinociceptive agents with A50 values below 100 pmoles 
per mouse. There was no direct correlation between the degree of helicity and the level of 
analgesia that the glycopeptide provided. The least lipophilic and the moderately lipophilic 
compounds all showed good analgesia with a normal time of efficacy of 2 — 3 h. This was 
not the case for the most lipophilic of the series, glycopeptide 8. This compound showed the 
lowest potency in vivo, but longest duration of action. This was probably dkectly due to the 
high lipophilicity of the glycopeptide. This compound would presumably have the highest 
affinity for a cellular membrane. If the partition coefficient between the surface and the 
aqueous exterior was high enough, the binding to the surface becomes less of a reversible 
phenomenon. If this happened, diffusion in the brain was a slower process, meaning the drug 
did not reach the opioid receptor as quickly. This sluggish diffusion process explains both 
the lengthened duration, and the lowered potency. The amount of drug that agonized the 
receptor was never very high in this case, resulting in lower potency. But, because of the 
high lipophilicity and resulting slow diffusion in the brain, the drug remained available for 
longer periods of time resulting in longer duration of action. 

Third Generation Helical Glycopeptides. The partial success of the earlier 
generation of the amphipathic helical glycopeptides prompted the redesign of the helix to 
produce the 3"^"* generation glycopeptides (9 — 12). The C-terminal amphipathic helical 
segment was fixed at 9 residues in length to form two complete a-helical turns. In this 
generation the helix promoting a-aminoisobutyric acid (Aib) residue was placed centrally in 
the amphipathic heUx address segment. When the Aib residue is placed judiciously, shorter 
peptides as short as eight residues in length have been seen to adopt helical conformation in 
crystal state as well as in solution state.^^ Some of the 3^^ generation de novo glycopeptides 
discussed here showed improved BBB penetration and analgesic effect in mice. Hence, it is 
interesting to study their molecular conformations, particularly in the presence of membrane 
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model systems in order to shed light on the transport mechanism. Circular dichroism and 2D 
^H-NMR were our main tools to study the conformation. 

Conformational Analysis by CD. Circular dichroism (CD) is a powerful and simple 
tool for identifying secondary structure in both peptides and proteins.^"^ All the peptides were 
subjected to CD analysis in H2O, TFE- H2O mixtures, SDS micelles and phospholipid 
bicelles. Typical results are shown in Figure 6. In H2O, a negative band near 200 nm is 
observed that arises from the tt-^ti* electronic transition and is typical of random coil 
peptides. It was found that sequences derived from helical regions of proteins often have 
weak helix CD signals, and can give a series of dNN(i, i+1) NOEs, but no long range NOEs. 
This behavior is explained as nascent helices.^^ In these nascent helices, helix CD signals 
could be induced by the addition of TFE.^^ All the glycopeptides gave an increased helix CD 
signal in TFE. The percentage of helicity increases as TFE concentration increases, but 
reached a maximtim at 30% TFE. The increase in helicity in TFE can be attributed to 
decreased competition by H2O for hydrogen bonding to the backbone amides. This, taken 
with the observation of consecutive dHN{i, i+1) NOEs, but not long range NOEs in H2O 
suggests that the glycopeptides are nascent helices in H2O. In the presence of SDS micelles 
and anionic bicelles, the band at 200 nm underwent a red shift (higher value) and an 
additional shoulder appears aroimd 222 nm as a result of the n->7i;* transition. The 
appearance of an additional shoulder suggests that the glycopeptides adopt a largely helical 
conformation that is only present in nascent form (one tum) in H2O. The negative maxima at 
222nm (n— >7t:* transition band) is used to calculate the helical content of polypeptides and 
proteins. The accepted value for a peptide that is 100% helical is approximately -35,000. It 
was observed that changes in amplitude of the bands up to 30% depend on length of helix. 
The amplitude increases as a-helical chain length increases. Therefore, one has to consider 
the importance of chain-length dependence of the a-helix CD in the quantitative treatment of 
helix content in proteins and polypeptides. The percentage of helicity is independent of SDS 
concentration and pH (data not shown). In the presence of zwitterionic bicelles all of the 
glycopeptides yielded CD spectra similar to that observed in H2O, but anionic bicelles forced 
them to become more helical. The intensities of the [9]7r-^7i* band and the [9]n-->7t* band 
are expected to be almost equal for a perfect a-helical peptide. In a 3io-helix the intensity of 
the [9]n— >7i;*(222nm) band is drastically reduced with respect to [9]7T;->7t*(205 nm) transition 
band, and tends to undergo a modest blue shift.^^ This was the case with TFE as the solvent. 
A modest blue shift and reduced intensity for the [9]n-->7i;* transition bands are observed for 



24 



wo 2005/097158 



PCT/US2005/010233 



all the glycopeptides in TFE. This suggests that the glycopeptides do not adopt perfect a- 
helical conformations in TFE solvent. The glycopeptides 9 (Pro/Glc) and 12 (Pro/Lactose), 
which differ only by the sugar moiety attached, adopt perfect helices in the presence of SDS 
micelles and in anionic bicelles. The disaccharide increased the percentage of helicity in all 
the solvents, relative to the monosaccharide. Glycopeptides 10 (P-Ala linker) and 11 (Gly- 
Gly linker) did not adopt perfect helices in any of the media. It is remarkable to note that a 
single amino acid mutation at position 6 produced profound changes in the CD spectra. It 
also suggests that the linker position [i,e. AA(6)] is very important for bioactivity. The 
glycopeptide 9, which adopted a perfect helix in membrane mimicking media, showed much 
better BBB penetration rates compared to the other glycopeptides. Thus, it seems clear that 
the membrane-induced a-helical conformation is critical for its transport activity. 



Table 3. Circular Dichroism Data for 3 Generation Glycopeptides, 



Glyco- 


Solvent 


[e]n-»7t*°'* 






% a-helicity 


% a-helicity 


Peptide 




= 222mn 


s205nm 




byCD^ 


byNMR^ 






or/ 

—27 


—4942 


0.01 


>1 


20 


9 


TFE 


-6181 


-9445 


0.60 


18 


30 




SDS 


-7063 


-6660 


1.06 


24 


46 




Bicelle A 


-8499 


^808 


1.77 


25 


44 




H2O 


-61 


-6894 


0.01 


>1 


17 


10 


TFE 


-7538 


-16203 


0.47 


22 


32 




SDS 


-9892 


-18090 


0.56 


29 


55 




Bicelle A 


-8901 


-17567 


0.51 


27 




11 


H2O 


-61 


-5055 


0.01 


>1 


19 




TFE 


-6094 


-11357 


0.54 


18 


28 




SDS 


-5704 


-9796 


0.58 


17 


39 
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Bicelle A 


-5646 


-8394 


0.67 


17 






H2O 


-889 


-6962 


0.13 


>1 


22 




TFE 


-1153 


-11717 


0.66 


23 


34 


12 
















SDS 


-10668 


-9097 


1.17 


33 


29 




Bicelle A 


-11031 


-7960 


1.39 


33 





^The xonits for [6] are deg.cm^.dmor^ minima for [9]7t->7r* is observed between 205 and 

209 nm. ^The negative maxima for the [9]n-^TC* is observed between 222 and 225nm. = 

[0]n_>7c*/[6]7c->7c*. A lower value of 0.15-0.40 is observed for 3io-helix. ^The % helicity 
calculated according to reference 53, -^See text for the calcxilation method. 

Conformational Analysis by NMR. Circular dichroism provided general 
information on the overall molecular conformation of glycopeptides in different solvents. To 
obtain residue-specific information required for better drug design, all the glycopeptides were 
analyzed using 2D ^H-NMR in H2O/D2O, in TFE/H2O/D2O, and in the presence of SDS 
micelles and phospholipid bicelles. The chemical shift assignments in all media were made 
by the combined use of TOCS Y and NOES Y/ROES Y spectra. The spin system identification 
was made using TOCSY spectra, and the sequential assignments were made using TOCSY 
and ROESY/NOES Y. Although some crowding of the off-diagonal cross-peaks was 
observed, unambiguous proton assignments were made for the glycopeptides in the various 
solvents based on the observation of sequential dowCij i+l)^ dNwCij i+1) and d^\^ii, i+1) 
ISTOEs. The complete chemical shift values of the amino acids of all the glycopeptides are 
proAdded in the supplementary data. Standard ROES Y experiments yielded good quality 
spectra for samples in H2O and TFE-H2O mixtures, but failed for membrane mimicking 
solvents. This was due to the association of the glycopeptides with micelles and bicelles, 
which generated high molecular weight molecular assemblies that increased the correlation 
times. Standard NOES Y experiments were used for SDS and bicelle samples. The 
association of the glycopeptide amphipaths with micelles and bicelles caused broader NMR 
signals in all the glycopeptides, however it did not obsciire sequential assignments. 
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ocCH Chemical Shift Index. It is now well established that the differences between 
the observed aCH chemical shifts as compared with random coil values, termed the chemical 
shift index (CSI), provide a reliable first indication of the specific secondary structure 
elements present in a (glyco)peptide which is comparable to CD quality 7^ It has even proved 
to be possible to obtain an estimate of local helix population in (glyco)peptides from the 
average upfield shift of the aCH proton resonances.^ ^ The observation of consecutive 
negative deviations (upfield-shifted aCH resonances) from random coil is indicative of an a- 
helical conformation. The observed conformational shift values relative to reported random 
coil values are summarized in Figure 7. At this point there is no accepted random coil aCH 
values for glycosylated serine, CSI values for this position are uncertain. The conformational 
shift values for all solvents were obtained using the random coil values described by Wright 
and co-workers.^^ Although, these reference shifts were obtained at pH = 5.0 at 4.2''C, they 
appear to be very insensitive to the conditions, as very small deviations (±0.04) were 
observed when random coil values are obtained at pH = 7.0 at 35°C by Wuthrich and co- 
workers.^^ The quantification of secondary structure based on aCH chemical shifts is 
neglected in the literatxjre because various contributions cannot be strictly accounted for, such 
as electrostatic effects, ring cxirrent shifts, and other magnetic anisotropics. However, it is 
possible to make qualitative comparison of helical content between closely related 
(glyco)peptides. Since the 3 generation glycopeptides differ by only one amino acid at 
position 6, the helical content was obtained based on the aCH chemical shift values (Table 
3). The method described by Gierasch and co-workers^^^ was used. First, the average 
conformational shift was calculated for each glycopeptide by adding all upfield shifts in the 
helical regions and dividing by the total number of peptide bonds. Then, to obtain the overall 
helical content for each glycopeptide, the average conformational shift was divided by 0.35 
ppm, which was assigned for 100% helicity. Since, there are no random coil values available 
for p -Alanine and glycosylated serine residues, they were not included in the calculation. 
The helicogenic Aib residue lacks an a-proton, and there was no correction included in the 
calculation for the helicity provided by Aib residue. The helical content obtained by this 
method correlated with the helical content obtained by CD. The helical content was almost 
the same for all the glycopeptides in water and TFE, but there was a significant difference in 
the membrane environments. This suggests that each glycopeptide interacts differently with 
the SDS micelles or phospholipid bicelles. The glycopeptide 11 was shown to have less 
helical content in the membranes compared to other glycopeptides by both CD and NMR, 
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and was known to exhibit low BBB penetration rates compared to the glycopeptides 9 and 10. 
Thus, it seems Ukely that the membrane induced hehx plays a major role in transport of the 
glycopeptides across BBB. 

Further confirmation of the helical natvire of the amphipaths is provided by comparing 
the reversed phase HPLC retention time (a valid measure of amphipathicity) with the per- 
residue helicity for each glycopeptide (Figure 8). This correlation is quite natural because a 
similar phenomenon is being measured in each case. In one case (y-axis) the equilibrium 
between an aqueous, random coil (nascent helix) conformational ensemble and a helical 
micelle-bound amphipathic ensemble is measured in terms of elipticity (CD data). In the 
other case (x-axis) the equilibrixun between the same random coil ensemble and a helical Cis- 
silica-boimd amphipathic ensemble is being measured in terms of retention time (HPLC 
data). Two lines are seen because two different solvent systems were used for elution 
(CH3OH/H2O vs CH3CN/H2O), but the linear correlation is clear in both cases. The helical 
nature of the peptide moiety is responsible for adsorption to the phase bovmdary, either the 
micelle or hydrocarbon modified silica bead, and the degree of helicity determines the degree 
of adsorption. 

Conformational Analysis in H2O. The chemical shift of all the glycopeptides are 
well dispersed in water. The observed ROEs are simmiarized in Figure 9. Strong daN(i, i+1) 
NOEs, which are generally observed in extended structures, appeared along almost the entire 
length of the glycopeptides. The dNN(i, i+1) NOEs, which are indicative of local heUcal or 
tum confomiational states, were observed for all the residues in all the glycopeptides. No 
other helical signatxires for long-range NOEs were observed for any of the glycopeptides. 
The observation of consecutive dt^(i, i+1) NOEs indicated transient aR conformational folds 
for all the residues. These defined only nascent helices, given that no helical signatures 
medium and/or long range NOEs were observed.^^ The NMR results in water imply that all 
the glycopeptides, at least the C-terminal segment, have helical propensities, as would be 
expected from the design considerations. 

Conformational Analysis in TFE-H2O. The nascent helices showed additional 
helical signatures (long range NOEs) in the presence of TFE. The CD experiments showed 
that the helical content reached a maximum at 30% TFE. Thus, 30%TFE-H2O (v/v) mixture 
was chosen for further study. The observed ROEs are summarized in Figure 10. Many helix- 
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specific NOEs, which include daN(i, i+3) and daN(i, i+4), in addition to a continuous stretch 
of dNNCi, i+1) NOEs, appeared in the C-terminal of all the glycopeptides. The presence of 
daNCi, i+4) cross peaks in the C-terminal segment of all the glycopeptides indicated that some 
population of each glycopeptide adopted an a-helical conformation rather than a 3io-helical 
conformation. Since the Aib residue lack a aCH proton, many potential medium and long 
range NOEs that would otherwise be observed were not seen in the C-terminal. The 
appearance of dm(i, i+1) in the segment G(3)-L(5), along with the lack of any medium or 
long range NOEs in the N-terminal indicated that the glycopeptides might be in local turn 
conformation, or be in equilibrium between a local helix and an extended conformation. The 
splitting of Gly aCH protons observed for all the glycopeptides in TFE-H2O mixture 
suggested that the Gly(3) of the N-terminal segment exists in a rigid, fixed conformation. 

Conformational Analysis in the Presence of SDS Micelles. A glycopeptide/micelle 
molar ratio of 1 : 100 was used for all the experiments. In this solvent the line-widths of 
proton resonances were broad compared to H2O and TFE-H2O mixtures, which is due to the 
association of glycopeptides with SDS micelles — resulting in very high molecular weights. 
The average SDS micelle is expected to be comprised of about 60-70 detergent molecules,^^ 
resulting in large aggregates and correspondingly slow molecular timibling, which leads to 
excessive broadening of the resonances. However, the spectra were well dispersed with only 
some crowding, enabling complete sequential assignments to be made. The observed NOEs 
are siommarized in Figure 1 1 . Evaluation of NOES Y spectra of all the glycopeptides revealed 
features consistent with helical structure. A continuous stretch of sequential dNN(i, i+1) 
NOEs were observed for almost the entire length of the glycopeptides, along with many 
helical signatures, e.g, dNN(i, i+2), daN(i, i+3) and daN(i, i+4) NOEs. Glycopeptides 9 and 12, 
which differ only by the sugar moiety attached to Ser(15) residue, showed slightly different 
NOE pattems. The NOE pattem of the monosaccharide 9, especially the observation of 
dNN(i? i+2) [2/4 and 3/5], suggests that the N-terminal message is more ordered than the 
disaccharide 12. 

Simulated annealing molecular dynamics analysis was done for all the glycopeptides 
to obtain an ensemble of NMR structures using the NOE-derived distance restraints and 
dihedral angle ((j) and \|/) constraints. The C-terminal region Leu(8/9)-Ser( 15/16) of all the 
glycopeptides adopted an oc-helical conformation, whereas the N-terminal region was highly 
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flexible in all cases. The opioid message segment was largely random coil (i.e. an 
equilibrixHn between local tum confomiation and extended conformation) in each case. 

Conformational Analysis in the Presence of Bicelles. Glycopeptide 9 shows the 
best BBB penetration among all the helical glycopeptides studied. Hence, it was subjected to 
further NMR analysis in better membrane mimicking phospholipid bicelle media (Figure 1). 
In zwitterionic bicelles glycopeptide 9 displayed the CD spectra characteristic of a random 
coil conformation, but NMR analysis suggested that the glycopeptide backbone is helical. 
The CSI plot (Figure 7) and NOE pattern (Figxare 12) are consistent with the a-helical 
conformation. The helical signature NOEs daN(i, i+3) and daN(i, i+4) were observed 
throughout the length of the peptide backbone. 

It is useful to compare the aCH — NH fingerprint region of the NOSEY/ROES Y 
spectra as the solvent is changed from CFsCHiOHrHiO to micelles to bicelles for 
glycopeptide 9. Gly(3) is particularly instructive, as we can see it change from an 
xanconstrained environment in TFE: H2O (Figure 13), to a somewhat more constrained 
environment in the presence of micelles (Figure 14), to a much more constrained 
environment in the presence of bicelles (Figure 1 5) where the aCH protons are 
distinguishable. A simulated annealing molecular dynamics analysis was done to obtain an 
ensemble of structures using the NOE-derived distance restraints (Figure 16). Glycopeptide 
9 adopts a continuous helical conformation from residues 5-16, with initiation of the helical 
conformation at Leu(5) whereas the helix initiation is at Asn(7) in the presence of SDS 
micelles. The ^ torsion angle (N-C^ rotation) of the Pro residue is restricted to -60*'(±20'*), 
and as a consequence, the local conformations of Pro are largely restricted to \|/ 
-30°(±20°)[aR] or \]/ ^ +120°(±30°) [polyproline conformation]. When Pro adopts a 
polyprolme conformation [(|) = — 60°(±20'') and \|/ = +120°(±30°)] in a continuous stretch of 
helix, this results in helix termination.^'^ However, Pro in the (j) = -60°(±20°) and y 
=+120°(±30°) conformation is compatible with an a-helical structure. Hence, it is not 
surprising that 9 forms an extended helix spaiming from residues Leu(5)-Ser(15). The 
observation of daN(i, i+3) [4/7, 5/8 and 6/9] and daN(i, i+4) [4/8 and 5/9] indicates that Pro(6) 
is in the helical stretch. 
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*The average backbone torsion angles from simulated annealing molecular dynamics 
calculation using NOE constraints in the presence of SDS micelles. The RMSD values are 
given in parenthesis. The torsion angles that deviate more than 30° are given in bold letters. 



Interaction of Glycopeptides with True Lipid Bilayers. Plasmon Waveguide 

rye 

Resonance spectroscopy (PWR) was used to monitor the interaction of two glycopeptides 
lipid bilayers composed of egg phosphatidyl choline. A solid supported lipid bilayer was 
made across a small orifice in a Teflon block that is in direct contact with the lipid bilayer^^ 
and incremental amounts of glycopeptide (dissolved in 10 mM Tris-Cl bviffer with 0.5 M 
EDTA, 10 mM KCl at pH 7.4) were added to the cell sample and spectral changes monitored. 
PWR results (Figure 17) shows that lipid bilayer formation and glycopeptide addition cause a 
shift in the resonance angle position to larger angles for both p- and ^-polarized light. In 
general, such increases in the resonance angle position can be ascribed to an increase in the 
refractive index as a consequence of the mass increase in the peptide-lipid bilayer. The 
interaction of the glycopeptide 9 with the lipid bilayer follows a biphasic process, producing 
an initial shift in the spectra to higher angles (data not shown) followed by a small shift to 
smaller angles (still positive relative to the bilayer) occurring on the order of minutes (curve 
3). The shifts in the resonance angle can be plotted for the incremental additions of each 
glycopeptide to the lipid bilayer, and fitted through a hyperbolic fit to provide affinity 
constants. One can see in Figure 18 that the glycopeptide 9 has a very high affinity for the 
lipid bilayer (7-8 nM). It is interesting to note that the interaction of the glycopeptide 9 with 
the lipid bilayer produces larger shifts in s- than in j!7-polarization, so larger structural changes 
are occurring in the lipid/peptide in the parallel plane to the lipid bilayer than the 
perpendicular plane.^^ This data, together with the fact that this glycopeptide is amphipathic 
and a-helical, shows that the glycopeptide is interacting with the lipid bilayer with its longer 
axis oriented parallel to the lipid bilayer. This is consistent with both the NMR data, as well 
as the principles used to design the amphipathic address region. The interaction of 
glycopeptide 11 with the lipid bilayer is about 4,000 times weaker (Kd = 30 jixM), with much 
smaller spectral shifts observed, even at |liM concentration of the glycopeptide. The spectral 
changes, contrary to what was observed with 9, follow a slower, monotonic process (data not 
shown). 



32 



wo 2005/097158 PCT/US2005/010233 

Table 5, The Average Backbone Torsion Angles of Glycopeptide 9 in Bicelle Media.* 



Residue 


<!> 




Conformation 


Thr^ 


62(±9) 


61 (±3) 


Random coil 


Glf 


-4(±2) 


62(±1) 


Random coil 




-162(+6) 


-52(±9) 


Random coU 


Leu^ 


-54(±5) 


-55(±7) 


a-helix 


Pro*" 


-61 (±5) 


-40(±7) 


a-helix 


Asn 


-71 (±3) 


-46(+5) 


a-helix 


Leu^ 


-63(±3) 


-34(±4) 


a-helix 


Aib^ 


-58(±3) 


-37(±3) 


a-helix 




-82(±6) 


-44(±9) 


a-helix 


1 « '- 


-63(±3) 


-34(±4) 


a-helix 


Ala'^ 


-73(±4) 


-33(±3) 


a-helix 




-72(+3) 


-36(±3) 


a-helix 


1 /I 

Lys'^ 


-73 (±3) 


-30(±3) 


a-helix 


Ser'' 


-79(+8) 


-23(±14) 


a-helix 




-89(±4) 


-59(±6) 


a-helix 



*From simulated annealing molecular dynamics calculation using NOEs measured in 
the presence of zwiterionic bicelles. The RMSD values are given in parenthesis. 
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Obviously, numerous modifications and variations of the present invention are 
possible in light of the above teachings. It is therefore to be understood that within the scope 
of the appended claims, the invention may be practiced otherwise than as specifically 
described herein. 
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